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        Introduction 
  In higher eukaryotes, metaphase spindles establish steady-state 
poleward fl  ux of tubulin subunits ( Mitchison, 1989 ;  2005 ;  Rogers 
et al., 2005  ;   Kwok and Kapoor, 2007  ). Proposed fl  ux-driving 
mechanisms include   “  reeling in  ”   and disassembly of micro-
tubules at the poles and motor-based sliding of overlapping 
  antiparallel microtubules. The reeling-in mechanism is supported 
by evidence from   Drosophila melanogaster   embryos (  Rogers 
et al., 2004  ), human U2OS cells (  Ganem and Compton, 2004  ; 
  Ganem et al., 2005  ), and vertebrate PtK1 cells (  Cameron et al., 
2006  ). However, inhibition of microtubule disassembly had 
only a minor effect on fl  ux in   Xenopus laevis   egg  extract  meiotic 
spindles (  Ohi et al., 2007  ). Instead, tetrameric kinesin-5 has 
been identifi  ed to push apart overlapping antiparallel micro-
tubules (  Miyamoto et al., 2004  ;   Shirasu-Hiza et al., 2004  ;   Kapitein 
et al., 2005  ). In this mechanism, steady-state spindle length may 
be maintained either by matching the rates of microtubule sliding 
and minus end depolymerization at the poles or by coupling 
sliding with microtubule nucleation and plus end disassembly 
throughout the spindle (  Burbank et al., 2007  ;   Ohi et al., 2007  ). 
Other driving mechanisms involving, for example, microtubule 
plus end  –  tracking proteins, plus end  –  directed molecular motors, 
chromokinesins, or microtubule-severing enzymes may also exist 
(  Maiato et al., 2005  ;   Buster et al., 2007  ;   Kwok and Kapoor, 2007  ; 
  Zhang et al., 2007  ). 
  However, it is not clear whether multiple mechanisms co-
exist and how they may cooperate to organize microtubules into 
the compact spindle architecture. Addressing these questions 
has been challenging because changes in one mechanism will 
likely lead to compensatory changes in other mechanisms. Thus, 
fl  ux changes observed under molecular perturbation of specifi  c 
spindle components are diffi  cult to interpret in terms of the con-
tributions of individual mechanisms. 
  In this study, we tested whether poleward fl  ux exhibits 
  spatial-temporal patterns that would support the coexistence of 
distinct mechanisms. The   Xenopus   extract spindles are particularly 
suitable for this approach, as they are amenable to high resolution 
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individual speckles in interlaced fl  ux fi  elds with antiparallel di-
rections ( Fig. 1, B and C ; and Video 1;  Yang et al., 2005 ;  Cameron 
et al., 2006  ). Typically, we acquired several thousand speckle 
  trajectories per spindle (see FSM image analysis section;   Fig. 1, 
D and E  ). In control spindles, the average speckle velocity was 
2.56   μ  m/min (  n   = 66,711 trajectories from 11 spindles), which is 
consistent with previous studies (  Maddox et al., 2003a  ;   Vallotton 
et al., 2003  ;   Gaetz and Kapoor, 2004  ;   Miyamoto et al., 2004  ). 
However, in contrast to   Miyamoto et al. (2004)  , we found that the 
variation in the mean speckle velocities between spindles was 
much smaller (   0.11   μ m/min;   n   = 11 spindles) than the variation 
of individual speckle velocities within a single spindle (SD = 0.61 
  μ  m/min; Fig. S1, available at http://www.jcb.org/cgi/content/full/
jcb.200801105/DC1). Thus, speckle velocities pooled from mul-
tiple spindles refl  ect the fl  ux variation of tubulin subunits within 
one spindle. 
  Maps of speckle trajectories revealed decreased fl  ux rates 
near the poles (  Fig. 1 D  ), which is in qualitative agreement with 
fi  ndings in   Burbank et al. (2007)  . To further quantify this re-
gional trend, we defi  ned 23 bands of uniform width along the 
pole-to-pole axis (  Fig. 1 F  ) and analyzed speckle velocities within 
each band (  Fig. 1 G  ). Average fl  ux rates remained constant over 
approximately two thirds of the spindle from the spindle midzone 
but then decreased near the spindle poles by     20% (  Fig. 1 H  ). 
Flux rates in regions 1  –  2 and 22  –  23 were signifi  cantly different 
from those in regions 11  –  13 (P   <   0.001 using a two-sample two-
sided   t   test). However, the trajectories of individual speckles 
showed neither a decrease in fl  ux by     100% nor directional re-
versals at the poles, two key predictions of the slide and cluster 
model in   Burbank et al. (2007)  . In contrast, our data suggest 
that tubulin fl  ux is balanced by microtubule depolymerization at 
the poles. 
  We considered several factors that could explain slower 
fl  ux at the poles. First, we excluded the possibility of an imaging 
fl  uorescent speckle microscopy (FSM) and sensitive statistical 
analysis of fl  ux variation at the level of individual tubulin sub-
units. Using this approach, we found two and only two classes of 
speckles with distinct fl  ux behavior, which were also distinguish-
able in spindles lacking functional kinetochores and centrosomes 
but merged into a single class when kinesin-5, dynein/dynactin, 
or both were inhibited. Together, these results suggest a model for 
the meiotic spindle in which two focused polar arrays of micro-
tubules with uniform polarity and slower fl  ux rates are intercon-
nected by a dense barrel-like array of microtubules with antiparallel 
polarity and faster fl  ux rates. 
  Results and discussion 
  During metaphase, meiotic spindles formed in   Xenopus   egg ex-
tract (  Fig. 1 A   and Video 1, available at http://www.jcb.org/cgi/
content/full/jcb.200801105/DC1) enter a steady state of micro-
tubule turnover in which tubulin subunits are incorporated at micro-
tubule plus ends and are transported poleward, as observed by 
photoactivation ( Mitchison, 1989 ) and FSM ( Waterman-Storer 
et al., 1998  ;   Maddox et al., 2003a  ). Although FSM time-lapse 
videos display in great detail the fl  ux behavior across the spindle, 
previous FSM studies of extract spindles could not take advantage 
of this information because of limitations in the image analysis: 
kymograph analysis (  Maddox et al., 2003a  ) and cross-correlation 
tracking of the speckle pattern (  Miyamoto et al., 2004  ) yielded 
only average fl  ux rates in selected regions of the spindle, and 
initial attempts to track individual speckles were restricted to 
mapping the density of speckles moving in opposite directions 
(  Vallotton et al., 2003  ). 
  In this study, we mapped microtubule fl  ux at the single-
speckle level with the goal of investigating fl  ux heterogeneity as 
an indicator of distinct fl  ux-driving mechanisms. We modifi  ed 
existing particle-tracking methods to retrieve the trajectories of 
  Figure 1.      Regional variation of poleward micro-
tubule ﬂ   ux in control   Xenopus    egg extract 
spindles.   (A) X-rhodamine tubulin speckles. 
(B and C) Speckle trajectories separated by 
direction of poleward movement. Green and red 
arrows indicate ﬂ  ux towards the left and right 
poles, respectively. (D and E) Speckle trajecto-
ries color coded according to the velocity his-
togram (E); the ﬂ  ux rate of the spindle shown is 
mean   ±   SD = 2.52   ±   0.65   μ  m/min (  n   = 9,562 
trajectories). (F) Deﬁ  nition of 23 regions along 
the pole-to-pole axis. (G) Mean and SD (error 
bars) of speckle velocities within regions in F. 
(H) Spatial distributions of normalized speckle 
velocities of 11 control spindles. Bar, 10   μ  m.     633 MICROTUBULE ORGANIZATION IN MEIOTIC SPINDLE   • Yang et al. 
kinesin-5 using various doses of monastrol (  Mayer et al., 1999  ). 
The mechanical support of glass slide and coverslip (see Image 
acquisition section) prevented the collapse of drug-treated spin-
dles into monopoles (  Miyamoto et al., 2004  ;   Mitchison et al., 
2005  ). At concentrations between 20 and 40   μ  M, the average fl  ux 
rate decreased sharply by     55% to 1.16   ±   0.31   μ  m/min (  n   = 
51,369 trajectories from 14 spindles;   Fig. 3 G  ), in agreement with 
  Miyamoto et al. (2004)  . However, in contrast to   Miyamoto et al. 
(2004)  , our measurements suggested that between 50 and 150   μ  M, 
the fl  ux rate stayed constant at 1.18   ±   0.32   μ  m/min (  n   = 60,875 
trajectories from 20 spindles; Video 4, available at http://www.jcb
.org/cgi/content/full/jcb.200801105/DC1). Above 150   μ  M, the fl  ux 
rate decreased to 0.86  ±  0.29  μ m/min ( n  = 13,364 trajectories from 
four spindles treated with monastrol at 200   μ  M). 
  Spatial analysis showed that monastrol treatment also elimi-
nated the regional fl  ux variation (  Fig. 3, H  –  L  ; and Video 5, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200801105/DC1). 
Between 20 and 200   μ  M, fl  ux rates remained almost constant 
along the pole-to-pole axis (  Fig. 3 M  ), indicating that under 
kinesin-5 inhibition, dynein/dynactin cannot generate the regional 
fl  ux rate variation observed in control spindles. This contradicts 
the slide and cluster model (  Burbank et al., 2007  ) that predicts 
decreased velocities at the poles as long as dynein/dynactin antag-
onizes poleward fl  ux. 
  To further examine the requirement of dynein/dynactin 
and kinesin-5 functions for regional fl  ux variation, we treated 
spindles with excess p50/dynamitin and 200   μ  M monastrol 
concurrently (  Fig. 3 N   and Video 6, available at http://www
.jcb.org/cgi/content/full/jcb.200801105/DC1). This combina-
tion rescues focused pole spindle morphology (  Miyamoto 
et al., 2004  ). The average fl  ux rate in these spindles was 1.59   ±   
0.39   μ  m/min (mean   ±   SD;   n   = 26,018 trajectories from six 
spindles;   Fig. 3, N  –  P  ), lower than when only dynein/dynac-
tin is inhibited. Loss of both dynein/dynactin and kinesin-5 
function also eliminated the regional fl  ux variation (  Fig. 3, 
Q – S ),  indicating  that  a  pole-based  fl  ux-driving mechanism 
artifact caused by microtubule bending at the poles (see section 
Excluding spindle geometry as the source of fl   ux … ).  Then,  we 
analyzed microtubule fl  ux in spindles assembled around plasmid 
DNA-coated magnetic beads, which lack both functional kinet-
ochores and centrosomes (  Fig. 2 A   and Video 2, available at 
http://www.jcb.org/cgi/content/full/jcb.200801105/DC1;   Heald 
et al., 1996  ). The average velocity of individual speckles was 
2.75   ±   0.75   μ  m/min (mean   ±   SD;   n   = 34,713 trajectories from 
nine spindles;   Fig. 2, B and C  ), similar to control spindles. 
The variation of the mean speckle velocities between spindles 
was again small (0.08   μ  m/min;   n   = 9 spindles) compared with 
fl  ux variation within a spindle. Flux rates consistently decreased 
by     20% near spindle poles (  Fig. 2, D  –  F  ). Previous FSM ana-
lyses had suggested that kinetochore microtubules fl  ux slightly 
slower than nonkinetochore microtubules (  Maddox et al., 2003a  ; 
 Vallotton et al., 2003 ). Our results rule out the possibility that the 
slower rates near the poles and the variation between individual 
speckle velocities in control spindles are caused by different 
contributions of kinetochore versus nonkinetochore microtubules 
in different regions of the spindle. 
  Next, we tested the hypothesis that the fl  ux velocity gradient 
could be associated with a regional variation of different classes 
of molecular motors inside the spindle. We perturbed the dynein/
dynactin complex and kinesin-5, which are both essential for bi-
polar spindle assembly (  Gaetz and Kapoor, 2004  ;   Mitchison et al., 
2005  ). Treatment of extract spindles with excess p50/dynamitin 
caused spindle pole defocusing (  Fig. 3 A   and Video 3, available 
at http://www.jcb.org/cgi/content/full/jcb.200801105/DC1;   
Wittman and Hyman, 1999  ). The mean fl  ux velocity in these 
spindles was 2.14   ±   0.58   μ  m/min (mean   ±   SD;   n   = 23,768 trajec-
tories from seven spindles;   Fig. 3, B and C  ), only slightly slower 
than in control spindles. However, the regional fl  ux variation was 
eliminated (  Fig. 3, D  –  F  ), which is in agreement with the data in 
  Burbank et al. (2007)  . 
  To test whether this effect was specifi  c to the loss of dynein/
dynactin function and focused poles, we inhibited the function of 
  Figure 2.       Regional variation of poleward 
microtubule ﬂ  ux in spindles assembled around 
plasmid DNA-coated beads.   (A) X-rhodamine 
tubulin speckles and autoﬂ  uorescent  beads. 
(B and C) Speckle trajectories color coded ac-
cording to the velocity histogram (C); the ﬂ  ux rate 
of the spindle shown is mean   ±   SD = 2.69   ±   
0.74   μ  m/min (  n   = 2,128 trajectories). (D and E) 
Mean and SD (error bars) of speckle velocities 
within regions in D. (F) Spatial distributions of 
normalized microtubule velocities of nine bead 
spindles. Bar, 10   μ  m.     JCB • VOLUME 182 • NUMBER 4 • 2008  634
  Figure 3.       Inhibition of dynein/dynactin, kinesin-5, or both suppresses regional variation of poleward microtubule ﬂ  ux.   (A) Spindle treated with excess p50/ 
dynamitin. (B and C) Speckle trajectories color coded according to the velocity histogram (C); the ﬂ  ux rate of the speciﬁ  c spindle shown is mean   ±   SD = 2.33   ±   
0.60   μ  m/min (  n   = 2,702 trajectories). (D and E) Mean and SD (error bars) of speckle velocities within regions in D. (F) Normalized ﬂ  ux rate along the pole-to-pole 
axis of control (average over 11 spindles) versus p50/dynamitin-treated spindles (average over seven spindles). (G) Flux rates at different monastrol concentrations. 
(H) Spindle treated with 200   μ  M monastrol. (I and J) Speckle trajectories color coded according to the velocity histogram (J); the ﬂ  ux rate of the spindle shown is 
mean   ±   SD = 0.89   ±   0.30   μ  m/min (  n   = 3,085 trajectories). (K and L) Mean and SD (error bars) of speckle velocities within regions in K. (M) Normalized ﬂ  ux rate 
distribution along the pole-to-pole axis of control and monastrol-treated spindles (average over 17 spindles treated with 20  –  200   μ  M monastrol). (N) Spindle treated 
with both 200   μ  M monastrol and excess p50/dynamitin. (O and P) Speckle trajectories color coded according to the velocity histogram (P); the ﬂ  ux rate of the 
spindle shown is mean   ±   SD = 1.59   ±   0.38   μ  m/min (  n   = 7,214 trajectories). (Q and R) Mean and SD (error bars) of speckle velocities within regions in Q. (S) Nor-
malized ﬂ  ux rate distribution along the pole-to-pole axis of control versus monastrol + p50/dynamitin  –  treated spindles (average over six spindles). Bars, 10   μ  m.     
independent of dynein/dynactin is not suffi  cient to generate 
regional fl  ux variation. 
  Normality tests indicated that speckle velocities of control 
spindles did not follow a single normal distribution (  Fig. 4 A  ). 
This raised the possibility that the velocity distribution origi-
nated from multiple modes, each one representing a distinct 
fl  ux-driving mechanism. To test this, we applied statistical mode 
analysis (see Statistical analysis of speckle velocity distributions 635 MICROTUBULE ORGANIZATION IN MEIOTIC SPINDLE   • Yang et al. 
(see Statistical analysis of speckle velocity distributions sec-
tion;   Fig. 4 B  ). The faster mode dominated near the midzone 
(    80%:20%), and the slower mode dominated at the spindle 
poles (   60%:40%). 
  In DNA bead spindles, speckle velocities also followed 
two modes (3.04   ±   0.60   μ  m/min vs. 1.95   ±   0.60   μ  m/min; pooled 
from   n   = 9 spindles;   Fig. 4 C  ). As in control spindles, the mid-
zone splits 80%:20% between fast and slow microtubule fl  ux 
(  Fig. 4 D  ). However, the 50%:50% split at the poles suggests 
that in these spindles, the faster fl  uxing microtubule population 
reaches further out into the polar regions. 
section;   Schwarz, 1978  ;   Fraley and Raftery, 2002  ) and found 
velocities to follow two and only two modes: 2.73   ±   0.48 ver-
sus 1.87   ±   0.53   μ  m/min (speckles pooled from 11 spindles). 
Accordingly, reduced fl  ux rates at the poles could be related to 
the spatial shifting of two partially overlapping speckle popu-
lations, one moving at the faster velocity mode of    2.7   μ m/min 
and the other at the slower velocity mode of    1.9   μ m/min. 
To test this, we repeated the mode analysis separately for each 
of the 23 bands along the pole-to-pole axis. Speckle velocities 
in   >  90% of the regions follow two velocity modes. Then, we 
determined the fraction of speckles of each mode in each band 
  Figure 4.       Spatial organization of spindle microtubules.   (A, C, E, G, and I) Mode analysis of ﬂ  ux velocity distributions for representative individual spindles: 
the control spindle in   Fig. 1 A   (A), the DNA bead spindle in   Fig. 2 A   (C), the spindle treated with p50/dynamitin in   Fig. 3 A   (E), the spindle treated with 
200   μ  M monastrol in   Fig. 3 C   (G), and the spindle treated with 200   μ  M monastrol and p50/dynamitin in   Fig. 3 N   (I). Red, fast mode; green, slow mode; 
cyan, mixture of both modes. (B, D, F, H, and J) Regional contribution of velocity modes. Averages of control spindles (B;   n   = 11), DNA bead spindles 
(D;   n   = 9), p50/dynamitin-treated spindles (F;   n   = 7), monastrol-treated spindles (H;   n   = 7), and monastrol and p50/dynamitin  –  treated spindles (J;   n   = 6). 
(K  –  O) Spatial distribution of speckle appearances of spindles analyzed in A, C, E, G, and I. Orange, speckles moving toward the left pole; blue, speckles 
moving toward the right pole. (P) Normalized distribution of average speckle intensity (average of 11 control spindles). (Q) Normalized speckle number 
along the pole-to-pole axis of nine control spindles. Gray, normalized speckle number of a spindle treated with 200   μ  M monastrol. (R) Model: two slow-
ﬂ  uxing polar microtubule arrays (green) are dynamically coupled via motors to a barrel array (red) with antiparallel microtubule polarity and faster ﬂ  ux 
velocities. Gray bands representing regions 1  –  2 and 22  –  23 deﬁ  ne left and right poles in our analysis, respectively.     JCB • VOLUME 182 • NUMBER 4 • 2008  636
proportional to the density of speckle appearances, whereas the 
density of speckles fl  uxing through each spindle region is pro-
portional to the density of microtubules. A systematic increase 
in speckle intensity within a certain region would suggest micro-
tubule bundling. We did not fi  nd such variations in average 
speckle intensity (  Fig. 4 P  ). 
  In control spindles, the highest number of microtubule 
plus ends was found halfway between the pole and the meta-
phase plate (  Fig. 4 K  ). In contrast, the density of microtubules 
is constant throughout the midzone (  Fig. 4 Q  ). Similar distribu-
tions of microtubule plus end density were detected in DNA 
bead spindles (  Fig. 4 L  ), in dynein/dynactin-inhibited spindles 
(  Fig. 4 M  ), and in spindles treated with low concentrations 
of monastrol (not depicted). However, in spindles treated with 
high concentrations of monastrol (    200   μ  M), the two maxima 
were no longer well separated (  Fig. 4 N  ). Concurrent dynein/
dynactin and kinesin-5 inhibition rescued the microtubule plus 
end density distribution of control spindles (  Fig. 4 O  ). 
  Together with the identifi  cation of two distinctly fl  uxing 
microtubule populations, these microtubule and plus end den-
sity distributions suggest a spindle architecture consisting of a 
barrel of microtubules in the spindle midzone with antiparallel 
polarity that connects two polar arrays of microtubules with 
uniform polarity (  Fig. 4 R  ). Whereas short microtubules are 
found with equal probability in all three arrays (  Yang et al., 
2007  ), two observations provide evidence that long microtubules 
preferentially accumulate in the midzone barrel. First, the mid-
zone contains a relatively low number of microtubule plus ends 
(  Fig. 4 K  ) yet the highest number of microtubules (  Fig. 4 Q  ). 
Therefore, a signifi  cant number of microtubules should have plus 
ends outside the midzone but span the entire barrel. Second, the 
majority of plus ends of microtubules that fl  ux to the left pole 
are located in the left half of the spindle and vice versa for plus 
ends of microtubules that fl  ux to the right pole (  Figs. 1, B and C  ; 
  and 4 K  ). However,     30% of spindle microtubules are longer 
than half the spindle length (see section Estimating the percent-
age of long microtubules  …  ;   Yang et al., 2007  ). To fi  t this popu-
lation into the plus end distributions, the majority of microtubules 
with plus ends in the right half of the spindle and fl  ux to the left 
must fully span the midzone and reach the left pole. The same 
holds true for microtubules with plus ends located in the left 
half spindle and fl  ux to the right pole. 
  When dynein/dynactin was inhibited, the polar array be-
came defocused but maintained its position relative to the barrel 
array (compare microtubule plus end distributions in   Fig. 4, 
M and K  ). Inhibition of kinesin-5 increased microtubule overlap 
in the barrel array, as seen by the broader plus end distributions 
(  Fig. 4 N  ). This caused a decreased barrel length. Indeed, the size 
of bipoles treated with 200   μ  M monastrol was    40%  ( n   = 6) 
shorter than the size of control spindles (  n   = 11). As the distance 
between the two polar arrays becomes shorter, the region with a 
constant microtubule density is broadened (  Fig. 4 Q  , thick gray 
line). Concurrent dynein/dynactin and kinesin-5 inhibition re-
stores the spatial separation of barrel and polar arrays (  Fig. 4 O  ), 
and spindles are only slightly shorter (by    15%;   n   = 6) than con-
trol spindles (  n   = 11). However, more microtubules with fl  ux to 
the left pole have plus ends in the right half-spindle and vice 
  Spindles in which dynein/dynactin, kinesin-5, or both 
were inhibited fl  uxed in a single velocity mode (  Fig. 4, E, G, 
and I , examples under different conditions;  Fig. 4 F , single mode 
at 2.20   ±   0.60   μ  m/min pooled from seven spindles treated with 
p50/dynamitin;   Fig. 4 H  , single mode at 1.15   ±   0.30   μ  m/min 
pooled from 17 spindles treated with monastrol;   Fig. 4 J  , single 
mode at 1.60   ±   0.40   μ  m/min pooled from six spindles treated 
with monastrol and p50/dynamitin). Although the mean values 
of the modes in these inhibited spindles do not quantitatively 
match the levels of the two modes in control or DNA bead spin-
dles, we propose that dynein/dynactin inhibition eliminates a 
slower pole-based fl  ux mechanism by causing spindle pole de-
focusing and that kinesin-5 inhibition eliminates fast antiparallel 
sliding of microtubules in the spindle midzone. 
  The single modes in spindles with disrupted motors were 
systematically slower than the corresponding modes in control 
spindles (1.2 and 1.6   μ  m/min vs. 1.9   μ  m/min for pole-driven 
fl  ux; 2.2 vs. 2.7   μ  m/min for midzone-driven fl  ux). We suggest 
these differences are caused by the effects of motor disruption 
on dynamic cross-links between differentially fl  uxing micro-
tubules. Inhibition of dynein/dynactin may result in a more rigid 
binding of microtubules at the spindle pole with those in the 
midzone. This increases the mechanical resistance to kinesin-5  – 
driven microtubule sliding and thus decreased fl  ux rates in the 
midzone. Evidence for more rigid microtubule cross-linking 
under p50/dynamitin treatment also comes from single fl  uoro-
phore speckle imaging showing reduced relative sliding of 
proximal individual microtubules (  Yang et al., 2007  ). Inhibition 
of kinesin-5 also slows pole-based fl  ux. Thus, fl  ux perturba-
tion in the spindle midzone causes immediate adjustment of 
fl  ux rates at the poles. Concurrent inhibition of kinesin-5 and 
dynein/dynactin increases the pole-based fl  ux relative to kinesin-5  –
  inhibited spindles, suggesting that dynein/dynactin-mediated 
pole focusing in control and DNA spindles exerts mechanical 
resistance to pole-based fl  ux. Together, these fi  ndings reveal the 
delicate balance of two fl  ux-driving mechanisms contributing 
to the steady-state dynamics of metaphase spindles. In addition, 
they establish a dual role of dynein/dynactin in cross-linking 
microtubules. On one hand, dynein/dynactin mediates dynamic 
cross-links between differentially fl  uxing yet spatially overlap-
ping microtubules of the spindle midzone and polar regions. 
On the other hand, by focusing microtubules into a pole, it enables 
the action of a pole-based fl  ux mechanism but simultaneously 
generates mechanical resistance. We speculate that the change 
in dynein/dynactin function from a dynamic to a more static 
cross-linker is related to the motors reaching microtubule minus 
ends in the polar region. 
  To further understand how the spatial distribution of two 
velocity modes affects microtubule organization, we separated 
speckles based on fl  ow direction and counted the number of 
speckle appearances within different regions along the pole-to-
pole axis (  Fig. 4, K  –  O  ). As in   Burbank et al. (2006)  , we assumed 
that tubulin subunits are incorporated only at the microtubule 
plus ends and that labeled tubulins have equal probability to be 
incorporated into the microtubule network. Under these assump-
tions, and unless the speckle intensity exhibits systematic re-
gional variation, the spatial density of microtubule plus ends is 637 MICROTUBULE ORGANIZATION IN MEIOTIC SPINDLE   • Yang et al. 
Otherwise, the results would be strongly dependent on the arbitrarily se-
lected directions of region index series in different spindles. First, a line 
(  AB  ) is drawn between the two ends of the distribution curve. Then, for 
each region, the vertical distance (  d  ) between its corresponding points 
on the ﬂ  ux rate distribution curve and   AB   is calculated. To calculate the 
corrected distribution curve, the average of ﬂ  ux rates at the two poles 
([  V    1   +   V    23  ]/2) is used as the basis value. For each region, its corrected ﬂ  ux 
rate is then calculated as this basis value plus its distance,   d  , to   AB  . This 
procedure effectively rotates the original ﬂ   ux rate regional distribution 
curve so that the average ﬂ  ux rates at the two poles become equalized. 
Importantly, it preserves the relative distribution of mean ﬂ  ux rates along 
the pole-to-pole axis. 
  Relative rates of ﬂ  ux decrease in polar regions were calculated as 
([  V    max          V    1  ]/  V    max   + [  V    max          V    23  ]/  V    max  )/2, where   V    1   and   V    23   denote the 
mean ﬂ  ux rates within regions 1 and 23, respectively, and   V    max   is the maxi-
mum ﬂ  ux rate within the spindle. For most of the spindles, the maximum ﬂ  ux 
rate was observed near the middle of the spindle (  Fig. 1 F  ). 
  Excluding spindle geometry as the source of ﬂ  ux reduction at the poles 
  The possibility that ﬂ  ux reduction at the poles would be mainly related to 
projection artifacts when imaging a three-dimensional scaffold of bended 
microtubules was excluded based on three sets of observations. (1) A pro-
jection effect would also cause a decrease in the SD of speckle velocities, 
which was not observed (  Fig. 1 G  ). A more formal treatment of this argu-
ment is given in the section Decreases in the average velocity of speckles... 
(2) Spindles exhibited signiﬁ   cant variation in morphologies but showed 
similar ﬂ   ux rate reduction near the poles (  Fig. 1 H  ). (3) Switching from 
wide-ﬁ  eld to spinning disk confocal microscopy yielded the same ﬂ  ux rate 
decrease near the poles despite the much narrower optical section (Fig. S2, 
available at http://www.jcb.org/cgi/content/full/jcb.200801105/DC1). 
Therefore, the ﬂ  ux rate reduction near poles is not a purely geometric effect 
but must be caused by spatially differential ﬂ  ux-driving mechanisms. 
  Statistical analysis of speckle velocity distributions 
  The normality of the distribution of speckle velocities under various experi-
mental conditions was checked using multiple tests, including Lilliefors test, 
Anderson-Darling test, and Shapiro-Francia test, implemented in the No  r-
test package in   R  . 
  The modes of speckle velocity distribution were analyzed using the 
model-based clustering package MCLUST in   R   based on the technique de-
scribed in   Fraley and Raftery (2002)  . This method computes an optimal 
mixture (i.e., sum) of different normal distributions that best ﬁ  ts the given 
speckle velocity distribution. In this way, each speckle velocity mode is rep-
resented by a distinct normal distribution. 
  A critical property of this method is that it does not assume a priori 
the number of normal distribution modes. Instead, through optimization, it 
determines simultaneously the optimal number of modes and the optimal 
parameters for each mode (i.e., its mean and SD) by using the Bayesian 
information criterion (BIC;   Schwarz, 1978  ), which is deﬁ  ned as BIC   º   2 
  log L  M     (  x  ,   ˆ q)            m  M       log  (  n  ), where   log L  M     (  x  ,   ˆ q)     is the maximized logarithmic 
likelihood for the model,   x   is the random measurement variable,   ˆ q     is the 
optimal model parameter vector,   m  M     is the number of independent param-
eters (i.e., means and SDs of different modes) to be estimated, and   n   is the 
number of observations (sample size). 
  The ﬁ  rst term of the BIC deﬁ  nition penalizes underﬁ  tting (i.e., poor 
ﬁ  tting) of speckle velocity distributions with too few modes. The second 
term of the BIC deﬁ  nition penalizes overﬁ  tting of speckle velocity distribu-
tions with too many modes. In this way, BIC provides a balance between 
optimal ﬁ  tting performance and model complexity. It allows the compari-
son of models with different parameters and different numbers of modes. 
Speciﬁ  cally, under the aforementioned deﬁ  nition, the best model is the one 
that gives the overall highest BIC. Because BIC depends on sample sizes, 
it is a relative criterion that can only be used to compare models for the 
same experiment. 
  In our analysis, we ﬁ  rst checked the normality of speckle velocity dis-
tributions using several tests. The results for control spindles using the 
  Anderson-Darling test are listed in Table S1 (available at http://www.jcb
.org/cgi/content/full/jcb.200801105/DC1). The test consistently returned 
low p-values (P   <   0.001) for all control spindles, indicating that speckle ve-
locities in control spindles were not likely to follow a single normal distri-
bution mode. Then, we used the aforementioned model-based clustering 
method and tested different models with mode numbers ranging from one 
to nine. In our analysis, models with one to three modes consistently ranked 
the highest and thus the best. For simplicity, we only listed in Table S1 the 
best BIC values under one, two, and three modes. 
versa for microtubules with fl  ux to the right pole ( Fig. 4 O ). Thus, 
the average length of barrel microtubules must increase under 
dynein/dynactin inhibition, as shown in   Yang et al. (2007  ). 
  In summary, our previous single fl  uorophore speckle anal-
ysis of  Xenopus  egg extract meiotic spindles established the tiled 
array of individually sliding short and long microtubules as a 
model for spindle construction. However, the low spatial density 
of single fl  uorophore speckles did not provide information on 
how the tiles are integrated globally. In this study, using the high 
density of multifl  uorophore speckles, we fi  nd that the spindle 
is composed of two polar arrays with short microtubules of uni-
form polarity and slow pole-driven fl  ux and an interconnecting 
barrel array of long and short microtubules with antiparallel po-
larity and faster kinesin-5  –  driven fl  ux. Interestingly, our barrel 
model is reminiscent of an early cartoon of spindle architecture 
in   Alberts et al. (1983)  , which has been replaced in subsequent 
editions by a more pole-oriented model. 
  Materials and methods 
  Frog egg extracts and spindle assembly 
  Cytostatic factor  –  arrested   Xenopus   egg extracts were prepared as in   
Murray (1991)   and   Desai et al. (1999)  . To assemble spindles, extracts 
were cycled once through interphase and DNA replication and were held 
in mitosis by the addition of cytostatic factor  –  arrested extract. Spindle as-
sembly around DNA-coated beads and assembly of plasmid DNA onto 
magnetic beads were performed as in   Heald et al. (1996)  . All extract prepa-
ration and spindle assembly were performed at 18  °  C. Tubulin puriﬁ  ed 
from porcine brain was labeled using X-rhodamine (Invitrogen) as in   Hyman 
et al. (1991)  . In some experiments, AlexaFluor488-labeled anti-NuMA 
antibody (a gift from A. Groen, Harvard University, Cambridge, MA) was 
added to assembled structures to label spindle poles, mark the location of 
poles, verify bipolar and monopolar morphology, and facilitate identiﬁ  ca-
tion of spindle structures in wide-ﬁ  eld assays. Puriﬁ  ed recombinant p50/
dynamitin was prepared as in   Wittman and Hyman (1999)   and added at 
0.9 mg/ml to the spindle assembly reaction after cycling the extract through 
interphase and DNA replication. Monastrol (Sigma-Aldrich) was added at 
various concentrations after bipolar spindle assembly. For coinhibition of 
dynein/dynactin and kinesin-5, puriﬁ  ed recombinant p50/dynamitin was 
added at 0.9 mg/ml, whereas monastrol was added at 200   μ  M. Control 
and perturbed spindles were pressed between slide and coverslip in the 
same way and imaged under the same conditions. 
  Image acquisition 
  FSM was performed using both wide-ﬁ  eld (  Waterman-Storer et al., 1998  ) 
and spinning disk confocal ﬂ   uorescence microscopy (  Maddox et al., 
2003b  ). Small aliquots (3.8   μ  l) of   Xenopus   egg extract containing spindles 
were placed on a glass slide and covered with an 18   ×   18  –  mm coverslip 
and sealed with valap (1:1:1 vasoline, lanolin, and paraﬁ  n). Imaging was 
performed at 21  °  C. Digital images were collected with a cooled CCD 
camera (Orca ER; Hamamatsu) mounted on a microscope (TE300; Nikon) 
with a 100  ×  /1.4 NA plan Apochromat differential interference contrast 
objective (Nikon). MetaMorph software (MDS Analytical Technologies) 
was used to control shutters, wavelength selection, image acquisition, and 
storage. Images of ﬂ  uorescently labeled tubulin were acquired at 3  –  10-s 
intervals depending on the experimental condition. In some experiments, 
paired AlexaFluor488 (AlexaFluor488-labeled anti-NuMA antibody) and 
-568 (X-rhodamine tubulin) images were collected sequentially within 1.5 s 
of each other to follow tubulin speckles and spindle poles. 
  FSM image analysis 
  Speckles were detected as in   Ponti et al. (2003)   and tracked as in   Cameron 
et al. (2006)  . The velocity of a speckle, also referred to as the ﬂ  ux rate, 
was deﬁ  ned as the total distance it traveled along its trajectory divided by 
the trajectory lifetime. 
  The two halves of a spindle often have slightly different regional 
distributions of ﬂ  ux rates. This asymmetry was corrected for averaging 
and comparison of regional ﬂ  ux rate distributions from different spindles 
(  Fig. 1 H  ) by equalizing average ﬂ  ux rates at the two poles (Fig. S1). JCB • VOLUME 182 • NUMBER 4 • 2008  638
  Furthermore, for each group, the mean and SD of speckle velocities have 
the same rate of decrease of 1      cos   qi      under microtubule bending. There-
fore,      should decrease at a rate similar to that of   V  . However, no decrease 
in      was observed in our data (  Fig. 1 G  ). 
  Estimating the percentage of long microtubules from the truncated normal 
distribution of spindle microtubule length 
  The truncated normal distribution of control spindle microtubule length in 
  Yang et al. (2007)   was normalized with respect to the mean spindle length. 
The mean and SD of the normalized truncated normal distribution were 
calculated to be 0.41 and 0.25, respectively. From this normalized distri-
bution, the percentage of microtubules whose length is   >  0.5 (i.e., half the 
spindle length) was determined to be     30%. 
  Online supplemental material 
  Fig. S1 shows additional results on detection and tracking of speckles, 
ﬂ  ux rate variation analysis, and a color-coded map of the complete spatial 
distribution of microtubule ﬂ  ux rate within a control spindle. Fig. S2 shows 
the analysis of ﬂ  ux rate distribution in a control spindle imaged using spin-
ning disk confocal microscopy. Table S1 lists BIC values used to determine 
numbers of speckle velocity modes in control spindles. Video 1 corre-
sponds to   Fig. 1 A   and shows tracking of individual speckles in antiparal-
lel movement. Video 2 corresponds to   Fig. 2 A   and shows ﬂ  ux in a spindle 
assembled around DNA-coated beads. Video 3 corresponds to   Fig. 3 A   
and shows ﬂ  ux in a spindle treated with excess p50/dynamitin. Video 4 
shows ﬂ  ux in a spindle treated with 100   μ  M monastrol. Video 5 corre-
sponds to   Fig. 3 H   and shows ﬂ  ux in a spindle treated with 200   μ  M mon-
astrol. Video 6 corre  sponds to   Fig. 3 N   and shows ﬂ  ux in a spindle treated 
with excess p50/dynamitin and 200   μ  M monastrol. Online supple-
mental material is available at http://www.jcb.org/cgi/content/full/jcb
.200801105/DC1. 
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  where   K   denotes the total number of modes (  K   = 2 in control and DNA 
bead spindles) and   v   denotes speckle velocity. The mean and SD of each 
mode are denoted as         k     and         k    , respectively. The relative weight of each 
mode,   c  k    , was determined by minimizing the error function 
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  using the nonlinear least-squares curve-ﬁ  tting function   lsqnonlin   of MATLAB. 
Here,   v  max     represents the upper limit of speckle velocity and is determined 
by the search radius of speckle tracking and imaging condition. Because 
ﬁ  tting is performed on the cumulative distribution, the constraint 







    
  is automatically satisﬁ  ed. 
  Decreases in the average velocity of speckles as a result of bending of 
microtubules must be accompanied by similar decreases in the velocity SD 
  We represent the average velocity,   V  , of poleward-moving speckles within 
a selected region of the spindle as the weighted sum of the average veloc-
ity of   N   groups of speckles, each group following a different mode: 
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group (mode), respectively. Assuming that average velocities (  V  i    ) of differ-
ent groups (modes) are uncorrelated, the variance of   V   is determined by 
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